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Abstract  

Disturbed metabolism of vitamins B1 or B6, which are essential for neurotransmitters homeostasis, 

may cause epilepsy. Our study aims at revealing therapeutic potential of vitamins B1 and B6 in 

epilepsy by estimating effects of their combined administration on a seizure and its consequences 

in rats subjected to pentylenetetrazole (PTZ). The PTZ dose dependence of a seizure and its 

parameters according to Racine’s scale along with delayed physiological and biochemical 

consequences next day after the seizure are assessed regarding sexual dimorphism in epilepsy. 

PTZ sensitivity is stronger in the female than male rats. Next day after a seizure, gender differences 

in behavior and brain biochemistry arise. The induced gender differences in anxiety, exploratory 

and locomotor activity correspond to disappearance of gender differences in the brain GABA, 

aspartate, alanine and serine, with appearance of those in glutamate, glutamine and tyrosine. PTZ 

decreases the brain malate dehydrogenase activity, glutamine and urea in the males, and 

phenylalanine in the females. Administration of vitamins B1 and B6 24 h before PTZ delays a 

seizure in female rats only. This desensitization is not observed at short intervals (0.5-2 h) between 

the vitamins and PTZ administration. With the increasing interval, the pyridoxal kinase (PLK) 

activity in the female brain decreases, suggesting that the PLK downregulation by vitamins 

contributes to the desensitization. Delayed effects of vitamins and/or PTZ are mostly gender-

specific and interacting. Our findings on the gender differences in sensitivity to epileptogenic 

factors, action of vitamins B1/B6 and associated biochemical events have medical implications. 

 

Keywords: amino acid neurotransmitter, glutamate, GABA, pentylenetetrazole, vitamin B1, 

vitamin B6. 
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Introduction.  

Epilepsy is a common and predominantly polygenic disease characterized by occurrence of 

repeated seizures triggered by abnormal brain activity, generally due to a disbalance between 

neuronal excitation and inhibition. In more than a half of the cases, the cause of epilepsy remains 

unknown. Some epilepsies, called vitamin-dependent, belong to rare genetic disorders, caused by 

mutations in the genes involved in the metabolism of vitamins B1 and B6 [1-5]. Normalization of 

the organismal vitamin status in these types of epilepsy has a therapeutic effect, eliminating 

seizures that cannot be treated with known antiepileptic drugs. Vitamins B1 and B6 may also 

contribute to other, non-monogenic types of epilepsy. Although the role of the vitamins in the 

pathology remains poorly understood, a number of enzymes participating in the metabolism of 

glutamate and GABA, are altered in epilepsy. Those include not only known targets of vitamin B6 

(transaminases and decarboxylases), but also the enzymes (e.g. glutamate dehydrogenase (GDH), 

malate dehydrogenase (MDH), glutamine synthetase (GS) and others) whose function may be 

regulated by vitamin B1 beyond the coenzyme action of this vitamin on the thiamine-diphosphate-

dependent enzymes, such as dehydrogenases of 2-oxo acids [6-12]. Subclinical hypovitaminosis of 

B1 or B6 may arise in patients treated with widely used medications, including antiepileptic drugs 

[13-16], potentially facilitating the development of non-monogenic epilepsies. Hence, upon 

dysfunction in the vitamin metabolism, either acquired or caused by genetic defects, administration 

of vitamins B1 and/or B6 may mitigate epileptic seizures and their long-standing consequences. 

This work aims to characterize potential therapeutic effect of the administration of these vitamins 

in a rat model of epilepsy, as well as effects of a seizure on the brain central metabolism dependent 

on vitamins B1 and B6. 

Our study takes into account physiological observations on sexual dimorphism in epilepsy [17]. To 

induce an epileptic seizure, we employ a widely used model of pentylenetetrazole (PTZ) 

administration. Binding to GABA receptors, PTZ causes disbalance between excitatory and 

inhibitory pathways of neurotransmission [18,19]. Physiological manifestations of epilepsy are 

analyzed not only characterizing severity of a seizure, but also assessing post-epileptic behavioral 

and ECG parameters. To study potential therapeutic effects of high doses of vitamins in epilepsy, 

administration of vitamins B1 and B6 is combined, in view of the B1-dependent regulation of B6 

metabolism in animals [11]. The administered doses of the vitamins are equivalent to those known 

from medical applications in human patients. To characterize molecular mechanisms and pathways 

involved, the physiological assessment is combined with the analysis of the consequences of a 

seizure for the brain biochemistry. In this part, the vitamin-dependent enzymes crucial for the brain 

metabolism of glutamate and GABA [1,2,20-24], are assayed, and the brain amino acid profiles 

[21,22] quantified. As a result, we reveal gender differences in sensitivity to PTZ administration, 
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biochemical markers of such differences, a dual gender-specific effect of the administration of 

vitamins B1 and B6 on a seizure, and association of the protective effect of the vitamins on a 

seizure with the regulation of the brain PLK activity.  

 

Results 

Gender differences in the susceptibility of animals to the epilepsy inducer PTZ and to the 

delayed consequences of an epileptic seizure 

The scheme of administration of pentylenetetrazole (PTZ) has been selected to minimize mortality, 

simultaneously achieving a strong manifestation of the clonic and tonic seizures according to the 

Racine scale (see Materials and Methods). Accordingly, the PTZ dose received by individual 

animals varies depending on their individual susceptibility (Supplementary Figure S1). Sensitivity 

of the male and female rats to the epilepsy inducer is characterized by an average PTZ dose and 

pathophysiological parameters of the seizure development, shown in Figure 1 A. The average PTZ 

dose is practically the same for the female and male rats: 58 ± 4 vs 60 ± 4 mg/kg, respectively 

(Fig. 1 A). However, the mean seizure score is significantly (p = 0.05) lower in the male rats, 

compared to the female ones (Fig. 1 A). In addition, male rats experience convulsive twitching (p 

= 0.05) and tonic convulsions (p = 0.08) app. 4 min later, compared to the female rats (Fig. 1 A). 

Thus, the obtained results indicate that female rats are more sensitive to the epileptogenic action 

of PTZ than male rats. 
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Figure 1. Gender-dependent parameters of the PTZ-induced seizure (A) and its delayed 

physiological effects (B), compared to the control animals. The assayed parameters are 

indicated on the Y axes. (A) – “Dose” refers to the total PTZ dose received by an animal for the 

seizure induction; “Mean seizure score” is determined during the 45 minutes of the observation; 

“Latency to twitch” defines the time to the first myoclonic twitch (3 points by Racine’s scale, see 

“Materials and methods”); “Latency to seizure” defines the time to the first tonic seizure (4 points 

by Racine’s scale, see “Materials and methods”). (B) – Behavioral and ECG parameters of the rats 

next day after a seizure, compared to the control groups. The parameters of anxiety, exploratory 

activity and locomotor activity are obtained from the “open field” test as described in “Materials 

and methods”. The ECG parameters include the length of the RR interval, the heart variability rate 

dX, the RMSSD and stress (SI) indexes, estimated as described in “Materials and methods”. P-

values are determined using the Mann-Whitney test (A) and ANOVA (B) (see “Materials and 

methods”). 

 

Next day after a seizure, gender differences in anxiety (p = 0.02), exploratory activity (p = 0.07) 

and locomotion (p = 0.01) arise, that are absent in the control groups (Fig. 1 B). In contrast to the 

behavioral parameters, ECG does not reveal significant changes in the rats after the seizure (Fig. 

1 B). Obviously, significant gender differences in anxiety, exploratory activity and locomotion 

after a seizure represent a cumulative effect of minor and statistically insignificant shifts exhibited 
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by each of the sexes in response to PTZ. This view is confirmed by two-way ANOVA pointing to 

the statistical significance of the factor of sex in the PTZ-induced changes. 

Analysis of biochemical markers in the cerebral cortex of rats next day after a seizure did not 

reveal a significant effect of PTZ on the activity of tested enzymes of the brain neurotransmitter 

metabolism, with the exception of a decrease in the MDH activity (p=0.03) in males (Fig. 2). At 

the same time, significant (p = 0.01) interaction of PTZ and gender in the analysis of MDH activity 

by two-way ANOVA corresponds to the opposite directions of PTZ effects on MDH activity in 

the male and female rats (Fig. 2). The two-way ANOVA also reveals trends  (p = 0.06) to a slight 

increase in PDHC activity by PTZ in both sexes, and to a lower GDH activity in the male rats, 

compared to the female rats, independent of PTZ action (Fig. 2). 
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Figure 2. Delayed effect of the PTZ-induced seizure on the activities of cerebral cortex 

enzymes in the male and female rats, compared to the control groups. The activities are 

presented as micromole/min per g of tissue, with the exception for PNPO, whose activity is in 

nanomole/min per g of tissue. 
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Noteworthy, the enzymatic reaction rates in vivo depend on the local concentrations of metabolites. 

These concentrations are determined by the state of the metabolic network and usually are far from 

the saturating concentrations employed for enzymatic assays in vitro. Therefore, the minor gender-

dependent differences in the GDH activity and the reactivity of MDH to PTZ, which are 

determined in vitro upon saturation with substrates and coenzymes (Fig. 2), may be amplified upon 

quantification of the levels of metabolites dependent on these enzymatic activities in vivo. Indeed, 

analysis of the levels of free amino acids in the brain reveal multiple gender-dependent PTZ effects 

on the metabolites. As seen from Figure 3, PTZ eliminates pre-existing gender differences in the 

levels of aspartate, alanine, serine and GABA, inducing those in the levels of glutamate, glutamine 

and tyrosine (the amino acids are listed in decreasing order of significance of the gender 

differences). The gender-specific effects of PTZ, such as decreases in glutamine and urea in the 

brain of male rats, and phenylalanine in the brain of female rats, are less abundant. Accordingly, 

the two-way ANOVA indicates that the gender factor is essential for 12 out of 15 estimated 

metabolites, while PTZ is essential for only 5 out of 15 ones, with the levels of glutamate and urea 

revealing trends for an interaction between the two factors (Fig. 3). 

In summary, both the gender differences in the levels of free amino acids in the rat brain and the 

amino acid levels themselves respond to the action of PTZ. The gender-specific responses of the 

brain biochemical parameters (Figs. 2, 3) correspond to the different sensitivity of the sexes to 

PTZ (Fig. 1 A) and the post-seizure induction of behavioral differences between the sexes (Fig. 1 

B). In particular, the PTZ-induced changes in the sexually dimorphic pattern of the brain amino 

acids (Fig. 3) correspond well to the PTZ-induced gender differences in behavior (Fig. 1 B). 
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Figure 3. Delayed effect of the PTZ-induced seizures on the levels of amino acids and urea 

in the cerebral cortex of the male and female rats, compared to the control groups. The 

content of free amino acids and urea is in micromoles per g of tissue. 

Gender effects of combined administration of vitamins B1 and B6 on the severity of a seizure 

and its delayed consequences. 

In females, the combined administration of vitamins B1 and B6 24 hours before PTZ increases the 

time until the twitching (p = 0.04) or seizure onset (p = 0.06), but in males these parameters remain 

unaffected (Fig. 4 A). Thus, the higher the animal susceptibility to the epileptogenic action of PTZ, 

the greater the animal sensitivity to the protective action of vitamins against such action. Besides, 
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the vitamins administration tends to increase gender differences in seizure score (p = 0.1), 

simultaneously abrogating a tendency to gender difference in the twitching onset time (Fig. 4 A).  

 

Figure 4. Gender-dependent effects of the administration of vitamins B1 and B6 on the 

parameters of the PTZ-induced seizure (A) and its delayed physiological effects (B). The 

assayed parameters are indicated on the Y axes and described in more details in Figure 1 and 

“Materials and methods”.  

 

As for the delayed effect of the PTZ-induced seizure on behavior and ECG parameters, vitamins 

slightly enhance the gender differences arising after the seizure (Fig. 4 B). This is observed from 

an increase in significance of the behavioral differences between the male and female rats after the 

administration of both PTZ and vitamins (p0.02), compared to similar groups with no 

administered vitamins (p0.03) (Fig. 4 B). Besides, a tendency (p=0.06) towards gender 

differences in the RMSSD parameter of ECG emerges after the administration of both vitamins 

and PTZ, which is not observed under the action of PTZ alone (Fig. 4 B). 
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Figure 5. Effects of administration of vitamins B1 and B6 on the activities of cerebral cortex 

enzymes in the male and female rats next day after the PTZ-induced seizure. The activities 

of enzymes are expressed in micromole/min per g of tissue, with the exception for the PNPO 

activity, expressed in nanomole/min per g of tissue.  

 

Biochemical analysis of the rat brain also shows more pronounced changes upon the combined 

action of PTZ and vitamins in comparison with the action of PTZ alone. Specifically, comparison 
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of the enzymatic activities in the PTZ-treated groups with or without the vitamins administration, 

reveals that the vitamins increase a gender difference in the brain GDH activity and decrease the 

PLK activity in females (Fig. 5). According to two-way ANOVA, regardless of gender, the 

vitamins are essential for the induction of changes in the GS and MDH activities (Fig. 5). 

Similar to the effects of PTZ alone, upon the combined administration of the vitamins and PTZ, 

the brain metabolite levels undergo much more pronounced changes than the brain enzymatic 

activities do. When comparing the effects of vitamins in the PTZ-treated animals (Fig. 6) to the 

action of PTZ on the control animals (Fig. 3), partial reversal of the PTZ effects by vitamins is 

remarkable. The PTZ-induced or abrogated gender differences in the levels of cerebral glutamate, 

GABA, glutamine and alanine (Fig. 3) are returned to the control pattern in the vitamin-

supplemented animals exposed to PTZ (Fig. 6). This is accompanied by increases in the levels of 

glutamate and urea in the vitamin-supplemented PTZ males vs those without vitamins (Fig. 6), the 

effects being opposite to those of PTZ (Fig. 3). However, the PTZ-perturbed gender relationships 

in the levels of tyrosine, aspartate and serine (Fig. 3) are not normalized by the vitamins 

administration (Fig. 6). In the female brain, the vitamins do not return the phenylalanine level (Fig. 

6) to its control value which is decreased by PTZ (Fig. 3) either. Moreover, the combined 

administration of vitamins and PTZ induces additional gender differences in the levels of histidine, 

glycine, methionine and the branched-chain amino acids (Fig. 6), which are not statistically 

significant in either the control or PTZ-treated rats (Fig. 3). Thus, administration of vitamins B1 

and B6 24 h before PTZ restores gender relationships in some of the amino acid levels, 

simultaneously enhancing the gender differences in other amino acid levels. While the former 

effect of the vitamins administration to the PTZ-treated animals is observed in the biochemical 

parameters only, the vitamins-induced enhancement of gender differences in the brain levels of 

histidine, glycine, methionine and branched-chain amino acids corresponds well to the 

enhancement of gender differences in physiological parameters (Fig. 4 B). 
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Figure 6. Effects of administration of vitamins B1 and B6 to the PTZ-treated animals on the 

levels of amino acids and urea in the cerebral cortex of the male and female rats next day 

after the PTZ-induced seizure. The metabolites are indicated on the Y axes, their content is 

expressed in micromoles per g of tissue. 

 

Effects of the administration of vitamins B1 and B6 to the animals not exposed to PTZ. 

In view of the revealed enhancement of the delayed PTZ effects by the vitamins shown above, the 

male and female rats not exposed to PTZ, i.e. the control groups, have been treated with the 

vitamins according to the same scheme as the PTZ-treated animals (Supplementary Figure S1). As 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2021                   doi:10.20944/preprints202105.0034.v1

https://doi.org/10.20944/preprints202105.0034.v1


 13 

seen from Figure 7, the female rats are not affected by the vitamins administration, but the male 

rats demonstrate an increase in anxiety (p = 0.05) (Fig. 7). Besides, the administration of vitamins 

induces gender differences in anxiety and exploratory activity (Fig. 7). These effects of the 

vitamins administration are similar to the delayed effects of PTZ administration (Fig. 1 B). 

 

Figure 7. Physiological effects of administration of vitamins B1 and B6 to the control rats. 

The studied parameters are indicated on Y axes and described in details in Figure 1 and “Materials 

and methods”. 

 

The gender-dependent effects of administration of the vitamins on physiological parameters of the 

control rats (Fig. 7) reciprocate those on the enzymatic activities, revealing sexual dimorphism in 

the levels of GOT, PNPO and GS after the vitamins administration (Fig. 8). A significant (p = 

0.05) effect of the vitamins on the PLK activity regardless of gender is also revealed by two-way 

ANOVA (Fig. 8). Comparison of effects of the vitamins on the amino acid profiles in the control 

rats (Fig. 9) and those treated with PTZ (Fig. 6) indicates that the vitamins similarly affect the 

gender relationships in the levels of GABA and alanine in both the PTZ-treated (Fig. 6) and control 

(Fig. 9) animals. However, in the PTZ-treated animals this effect of vitamins antagonizes the 

opposite effect induced by PTZ (Fig. 3). On the other hand, some of the vitamins effects in the 

control rats, such as a decrease in phenylalanine in the female rats and abrogation of the gender 

difference in aspartate (Fig. 9), are similar to those of PTZ (Fig. 3).   
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Figure 8. Effects of administration of vitamins of B1 and B6 to the control rats on the 

enzymatic activities in the rat brains. The activities are expressed in micromole/min per g of 

tissue, with the exception for the PNPO activity, expressed in nanomole/min per g of tissue.  
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Figure 9. Effects of administration of vitamins of B1 and B6 to the control rats on the levels 

of amino acids and urea in the rat brain. The content of free amino acids and urea is shown in 

micromoles per g of tissue. 

 

Accordingly, these effects of PTZ are not normalized by the vitamins supplementation to the PTZ-

treated animals (Fig. 6), reciprocating certain similarity in the physiological effects of vitamins 

(Fig. 7) or PTZ (Fig. 1 B). However, most of the gender effects induced by the combined action 

of the vitamins and PTZ on the brain amino acid levels (Fig. 6), are not observed upon the action 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2021                   doi:10.20944/preprints202105.0034.v1

https://doi.org/10.20944/preprints202105.0034.v1


 16 

of each of the factors (Fig. 3, 9), thus arising due to synergistic action of vitamins and PTZ upon 

their combined administration. 

 

Interval between administration of vitamins B1/B6 and PTZ influences the PTZ-induced 

seizure and its consequences in females. 

In view of a higher sensitivity of female rats to both PTZ and antiepileptic action of the vitamins 

(Fig. 1, 4), the time-dependence of the administration of vitamins B1 and B6 before PTZ has been 

studied in female rats, comparing the “long-term” (24 h) and “short-term” (2 and 0.5 h) procedure 

of the vitamins administration (Supplementary Figure S1).  In contrast to the antiepileptic action 

of the vitamins administered 24 h before PTZ, the administration of vitamins 0.5 or 2 h before 

PTZ has a pro-epileptic effect. The animal group with vitamins administered 0.5 h before PTZ has 

been the only one with increased rate of deadly seizure, in contrast to 100% survival in other 

groups (see “Animal survival” in “Materials and Methods”). Stronger seizures in these rats are 

confirmed by a lower doze of PTZ causing seizures and an earlier onset of twitching and tonic 

seizures, compared to the rats, receiving vitamins 24 h before PTZ (Fig. 10 A). The time 

dependence of the action of vitamins in females confirms the difference in the effects of the short-

term and long-term administration of vitamins, pointing to the opposite physiological effects of 

the administration 2 and 24 h before PTZ (Fig. 10 A). Thus, the vitamins administered 0.5-2 h 

before PTZ, sensitize female rats to the action of PTZ, while the vitamins administered 24 h before 

PTZ has an anti-epileptic effect. 

Delayed consequences of an epileptic seizure in females further confirm the opposite effects of the 

vitamins administration 2 and 24 h before PTZ. This is observed as a significant drop in 

exploratory activity and an increase in the RR-interval of ECG in the rats with the short-term 

vitamins administration, compared to the rats which received vitamins 24 h before or do not 

receive vitamins at all (Fig. 10 B). The low level of exploratory activity in the groups of rats 

receiving the vitamins administration 0.5 or 2 h before PTZ (Fig. 10 B) is consistent with the 

parameters of seizures, indicating that administration of vitamins at these time points sensitizes 

the female rats to PTZ. Overall, physiological indicators of the delayed effects of a seizure are in 

good agreement with the pathophysiological parameters of the seizure itself, testifying to the 

facilitation of a seizure after the short-term administration of vitamins prior to PTZ, and a 

protective effect of the vitamins administered 24 h before a seizure (Figure 10 A).  

Remarkably, the decrease in the PLK activity in the brain of female rats after administration of the 

vitamins 24 h before PTZ (Figs. 7, 10 B), is absent at short intervals between administration of the 

vitamins and PTZ (Fig. 10 B). Moreover, administration of vitamins 0.5 h before PTZ causes an 

increase (p = 0.05) in the PLK activity, compared to the long-term administration of the vitamins. 
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Thus, the activation of PLK upon the short-term administration of vitamins corresponds to the 

physiological sensitization of rats to PTZ, whereas a decrease in the PLK activity in response to 

the long-term administration of the vitamins is associated with the protective effect of vitamins 

against the PTZ-induced seizure.   

 
Figure 10. Dependence of pathophysiological parameters of the PTZ-induced seizure (A) and 

its delayed physiological and biochemical effects (B) in female rats on the interval between 

the administration of vitamins B1/B6 and PTZ. The assayed parameters are indicated on the Y 

axes and described in “Materials and methods”. The activity of the female brain PLK 

(micromole/min per g of tissue) is used as an indicator of biochemical changes. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2021                   doi:10.20944/preprints202105.0034.v1

https://doi.org/10.20944/preprints202105.0034.v1


 18 

Discussion. 

Gender differences in epilepsy and underlying molecular mechanisms remain a well-known 

challenge for therapeutic approaches [17,25]. Accumulating data point to significant interactions 

between the hormonal status and other factors in epilepsy [17], which should be taken into account 

to improve therapy of epilepsy in a gender-dependent manner.  

While most of the clinical and experimental studies in epilepsy focus on seizures themselves, the 

delayed consequences of seizures are not at all less important, as accumulation of even minor 

changes in the brain homeostasis may lead to a vicious cycle deteriorating the patients state along 

time. Employing the PTZ-induced model of epilepsy we therefore analyze not only the parameters 

of seizures themselves, but also their physiological consequences and biochemical basis the day 

after. By comparison of a seizure in the male and female rats we show that the different reaction 

of the genders to the epileptogenic and protective factors is not always obvious as significant 

effects in each of the group, but may be manifested as an induction of gender differences, or 

contrary, as disappearance of such differences. Both events obviously result from minor gender-

specific changes in opposite directions, which do not reach statistical significance in each gender. 

The comparison of the males and females is therefore more powerful to detect the gender-specific 

effects. Using this comparative analysis, we have characterized induction or abrogation by PTZ 

and/or vitamins of gender differences in physiological and/or biochemical parameters, absent or 

pre-existing, correspondingly, in the non-affected state. The data obtained in this work show that 

such cumulative effects are much more pronounced, than specific actions of PTZ and/or vitamins 

in the female or male rats. For instance, in our study of the action of vitamins on the PTZ-treated 

animals (Fig. 6), eight statistically significant (p0.05) gender differences in the amino acid 

profiles are affected by the vitamins (of those six arise and two disappear). However, the 

statistically significant effects of the vitamins on each gender include only two changes in the male 

rats and none in the female rats.  

It is worth noting that, based on both the enzymatic activities (Fig. 2) and amino acid profiles (Fig. 

3), there are more PTZ-induced changes in the brain of the males, compared to the females, which 

coincides with a lower PTZ sensitivity of the male than female rats (Fig. 1). Thus, more metabolic 

changes in the brain correspond to less expressed physiological effects. This feature has been 

observed by us in another model [23], with both the previous and current data supporting a notion 

that the biochemical changes in the brain enzymes and amino acids, observed in these models, 

manifest adaptation rather than damage. 

All together our experiments reveal multiple gender-specific responses in epilepsy and therapeutic 

approaches to its treatment. Such responses are revealed in the epileptogenic action of PTZ, 

delayed consequences of a seizure and action of vitamins B1 and B6. Changes in the brain amino 
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acids provide a very sensitive indicators of the cumulative physiological responses, while the in 

vitro assays of the brain enzymes reveal the most affected parts of metabolic networks. Compared 

to the control rats, PTZ action increases the brain PDHC in both genders, decreasing MDH only 

in the male rats. Combined with a gender-specific expression of GDH, these subtle differences in 

the functional expression of the three out of eleven tested brain enzymes of central metabolism 

(Fig. 2) are accompanied by multiple changes in the brain amino acids, including glutamate and 

GABA which are of utmost significance in epilepsy (Fig. 3). 

Thus, delayed consequences of a seizure involve changed activities of central metabolic enzymes 

and associated amino acid metabolism. Dependence of such metabolism on vitamins may result in 

so called metabolic epilepsies often positively responding to administration of vitamins [26]. While 

deficiencies in vitamins B1 and B6 due to malnutrition have not been considered an issue in the 

developed countries since a long time, these states currently become more and more often as a 

result of intensified medical treatments, such as administration of diuretics, metformin, antibiotics, 

chemotherapy, bariatric surgery [13,16,24,27]. Regarding vitamins B1 and B6, seizures are known 

to arise due to mutations in their transport, metabolism and physiological function [28-31]. In the 

diagnosed cases of neonatal epilepsies originating from the pathogenic mutations, urgent 

administration of the required vitamin is essential to prevent not only seizures, but also further 

mental retardation [30-32]. It should be noted, however, that less pathogenic mutations in the 

proteins of vitamin metabolism may be compensated under normal physiological conditions, yet 

their pathogenicity may increase under stress and/or medical interventions. This feature may 

underlie interindividual variations in developing the vitamins deficiencies promoted by 

pathophysiological conditions. In such cases, pharmacological doses/forms of vitamins may be a 

valuable therapeutic option. However, unlike vitamin B1, whose high pharmacological doses do 

not usually have damaging effects [13], high doses of vitamin B6 are neurotoxic [29]. Therefore, in 

view of our finding of the mutual regulation of metabolism of vitamins B6 and B1 [11], the 

antiepileptic action of the combined administration of both vitamins is studied in this work. 

Nevertheless, a potentiating effect of the combined administration of vitamins B1 and B6 on 

seizures is observed in our study upon the vitamins administration shortly before PTZ in female 

rats (Fig. 10, Table 2). Besides, the vitamins increase anxiety in the control male rats (Fig. 7). 

These negative effects of the combined administration of B1 and B6 may be ascribed to the action 

of vitamin B6. Such a view is supported by the transformation of the pro-epileptic effect of the 

vitamins administration into a protective one along with downregulation of the B6-dependent PLK 

in the brain of female rats (Fig. 10), and increased gender differences in the B6-dependent enzymes 

GOT and PNPO after the vitamins administration to the control animals (Fig. 8). However, the 
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vitamins-induced reversal (Fig 6) of the PTZ effects on the gender differences in glutamate, 

GABA, glutamine and alanine (Fig. 3) points to their therapeutic action in combating the delayed 

consequences of a seizure, warranting further studies. 

Materials and Methods. 

Reagents from the following manufacturers were used: thiamine – «Serva», Germany; 

pyridoxal – «PanReac AppliChem», Spain; glycerol – «Biomedicals, LLC», USA; 

pentylenetetrazole (PTZ), protease inhibitors, buffers and other reagents for the analysis of enzyme 

activities – «Sigma-Aldrich», USA. Pyridoxine-5'-phosphate was synthesized from pyridoxal-5'-

phosphate («Sigma-Aldrich», USA) as described previously [33]. The solutions were prepared in 

Milli-Q deionized water, the salts used were of the highest purity available.   

Animals 

The studies were carried out in Wistar rats obtained from the Russian Federation State 

Research Center Institute of Biomedical Problems RAS (IBMP) - both males and females, 

weighing 250-350 g. The animals were kept under standard conditions in cages with free access 

to water and food and a light/dark cycle of 12/12 hours (the light turned on at 9 a.m.). The 

adaptation period to the husbandry conditions was two weeks. The age of the animals at the time 

of the study was 2.5-3.0 months. Animals were distributed randomly between experimental 

groups. Animal experiments were approved by Bioethics Committee of Lomonosov Moscow State 

University (protocol number 69-o from 09.06.2016). 

 

Pentylenetetrazole model of epileptic seizures 

Convulsions were induced by intraperitoneal administration of PTZ in saline at 25 mg/kg 

dose. After PTZ administration, the severity of seizures was visually assessed according to the 

Racine scale [34] (Table 1) for 15 minutes in individual cages (OpenScience, Russia). If within 15 

minutes, the stages 4-5 on the Racine scale (tonic or tonic-clonic seizures, Table 1), did not 

develop, the PTZ was re-injected at the same dose of 25 mg/kg. The procedure was repeated no 

more than three times, and the total PTZ dose thus did not exceed 75 mg/kg. The total time of the 

seizure observation was 45 minutes (Supplementary Figure S1). 

Table 1. Racine scale for visual assessment of the severity of epileptic seizures in rats. 

Score Behavioral manifestations of seizures 

0 Normal behavior, no abnormality 

1 immobilization, lying on belly 

2 head nodding, facial, forelimb or hindlimb myoclonus 

3 myoclonic twitches, continuous whole-body myoclonus, tail held up stiffly 

4 rearing, tonic seizure, falling down on a side 

5 tonic-clonic seizure, falling down on back, wild rushing and jumping 
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The mean seizure score was calculated as the average score of the severity of an epileptic 

seizure over the entire observation period from the moment of administration of the first PTZ dose.  

 

Vitamin administration 

Vitamins B1 (thiamine, 100 mg per kg body weight) and B6 (pyridoxal, 100 mg per kg body 

weight) were administered intraperitoneally 24 hours, 2 hours or 30 minutes before the first PTZ 

administration and after completion of a 45 minutes follow-up of the PTZ-induced seizures 

(Supplementary Figure S1). This vitamin regimen took into account the results of previous studies 

on the potential protective effect of high doses of vitamins both before [35] and after [22] the 

exposure to stress, when increased availability of vitamins may provide, respectively, better 

stabilization and normalization of the metabolic state [36]. Control animals received the injections 

with equivalent volumes of physiological solution (0.9% NaCl). Since the epileptic seizure occurs 

before the second injection of vitamins, only the first injection of vitamins affects the convulsions 

themselves. Both the first and the second doses of vitamins affect the delayed consequences of a 

seizure.  

In the comparison of the male and female rats, the first administration of the vitamins was 

performed 24 h before PTZ. The study of the time-dependence of the vitamins administration was 

performed on the female rats only. A significant part (about 70%) of both vitamins is known to be 

excreted from the body 24 h after the injection [37,38]. However, the injections significantly 

increase the internal pool of vitamins [39] that can be stored in the liver, where concentrations of 

thiamine diphosphate and B6 vitamers are higher than in other tissues [14,40]. 

According to the formula recommended by the US Food and Drug Administration 

(http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/u

cm078932.pdf), the dose of vitamins B1 and B6 used in this study on rats (100 mg/kg each of the 

vitamins) corresponds to a dose of 16 mg/kg, or 1 g for an average weight of 60 kg, in humans. 

No toxic or side effects in humans are known for vitamin B1 at a daily dose of 0.5 g for a month 

[41]; clinically used doses of vitamin B1 may be up to 0.5 g injections three times a day [42]. 

However, high doses of vitamin B6 are neurotoxic [38,43]. For instance, 2-6 g of vitamin B6 per 

day, resulted in acute sensory neuropathies [38,44]. At the same time, such effects were not reported 

in patients with various B6-dependent syndromes who received 0.5-1.5 g of vitamin B6 per day 

[38]. Thus, the dose of vitamins B1 and B6 used in our study are within interval of the doses 

clinically used in megavitamin therapy. In addition, taking into account the inhibition by vitamin 

B1 of pyridoxal kinase [11], which produces the coenzyme form of vitamin B6, the 
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coadministration of vitamins used in this study may help to reduce the B6 neurotoxicity, potentially 

linked to production of the coenzyme pyridoxal-5’-phosphate by PLK. 

   

Animal survival 

The data on the total number of animals in our experiments and their survival is summarized in 

Table 2. 

Table 2. Initial number of animals and their survival in each group. 

Animal gender Group n Survival, % 

F
em

al
es

 

PTZ 9 100 

PTZ +B1,B6 (24 h) 9 100 

PTZ +B1,B6 (2 h) 6 100 

PTZ +B1,B6 (30 min) 5 60 

B1,B6 (24 h) 8 100 

Control 9 100 

M
al

es
 PTZ 10 100 

PTZ +B1,B6 (24 h) 12 100 

B1,B6 (24 h) 10 100 

Control 9 100 

 

Assessment of physiological parameters 

 To assess the spontaneous behavior of animals in an unfamiliar environment, we used the 

«Open Field» test («OpenScience», Moscow, Russia) [45]. The animals were tested in complete 

silence under the light of a 15 W red lamp for three minutes, assessing the following indicators: 

horizontal locomotor activity (the number of segments passed); rearing or vertical locomotor 

activity (the number of stands on the hind limbs); steps out of the walls (the amount of movements 

from the walls intersecting the outer circle) and entries to the center of the field (the number of 

movements to the center of the arena intersecting the outer and inner circles); total freezing time; 

the number of acts and the total time of grooming; the number of defecation acts. The parameters 

were further combined into the three categories, presented in the graphs, as further described. 

Locomotor activity was assessed as the number of segments passed; exploratory activity 

summarized the numbers of rearings, steps out of the walls and entries to the center; anxiety 

summarized grooming and defecation acts with the grooming and freezing times. The employed 

combination of parameters to characterize anxiety was based on the studies showing their 

unidirectional increase, accompanied by reductions in the locomotor and/or exploratory activities 

[46-49]. All cumulative indicators were assigned arbitrary units, such as, e.g., 1 s of freezing = 1 

a.u.; 1 act of defecation = 1 a.u., etc.  

ECG was recorded using cutaneous electrodes (disposable silver chloride electrodes for 

recording ECG in newborns), attached to the right and left on the ventrolateral surface of the 

animal's chest. Prior to this, the skin in these areas was degreased with alcohol and the electrodes 

were glued, fastened to the terminals, mounted on a harness of the original design, which was put 
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on the animal. The connector was linked to a biopotential amplifier having a frequency range of 

10 Hz to 20 kHz. The signal from the electrodes was transmitted to an E14-440 analog-to-digital 

converter (L-Card, Moscow, Russia) connected to a computer. The analog signal was recorded 

from free-roaming rats using the Powergraph software (Russia, DISoft LLC), digitized at a 

frequency of 1 kHz and processed using Spike-C3, Average and Ints software («OpenScience», 

Moscow, Russia). 

The balance of autonomous regulation of heart rate, representing the relative contribution of 

the sympathetic and parasympathetic components to the activity of the nervous system, was 

assessed in accordance with Baevsky et al. [50]. The following parameters of the heart rate 

variability were calculated: average R-R interval in a sample, ms; dX - variance of RR-intervals 

in a sample, ms; parasympathetic, or relaxation, index of the state of the nervous system – RMSSD; 

sympathetic, or stress, index of the state of the nervous system – SI [50,51]. 

Preparation of homogenates of the rat cerebral cortex  

Homogenization of the tissue and sonication of homogenates was carried out according to the 

previously published protocol [52]. 

Preparation of tissue extracts and quantifications of metabolites 

Methanol-acetate extraction of the rat cerebral cortex and quantification of its amino acids 

and urea were done as described before [23,53]. Briefly, frozen cerebral cortices were homogenized 

in ice-cold methanol, then acetic acid solution was added and the proteins were precipitated. The 

sodium-acetate buffer system with a Hitachi L-8800 amino acid analyzer was used according to 

the manufacturer′s User Manual, as described before [23,53]. 

Measurement of enzymatic activities 

The activities of thiamine-diphosphate-dependent enzyme complexes of 2-oxoglutarate 

dehydrogenase and 2-oxoadipate dehydrogenase, as well as the activities of GDH, MDH, GS and 

ME were measured as previously described [21]. The activity of the pyruvate dehydrogenase 

complex was determined according to a published protocol for the enzyme assay in tissue 

homogenates [54]. The activities of aspartate aminotransferase and alanine aminotransferase were 

measured according to the method of Reitman and Frankel [55]. All of the above activities were 

assayed in 0.2 ml of the reaction medium spectrophotometrically in transparent 96-well 

microplates, using a Sunrise plate reader (Tecan, Austria).  

The activity of PLK was measured using a published assay system with several 

modifications [56]. 2-8 μl of a rat cerebral cortex homogenate with a protein concentration of about 

50 mg/ml were added to 0.2 ml of the reaction mixture comprising 50 mM KH2PO4, pH 6.0; 0.1 

mM ZnSO4; 0.2 mM pyridoxal; 2 mM Na2ATP. The mixture was incubated at 37 ℃ for 90 min, 

followed by the cooling of the plate on ice for 5 min and immediate addition of a cold solution of 
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6 mM hydroxylamine to a final concentration of 1 mM. A control medium without ATP was used 

as a blank. The fluorescence (ex365nm | em450nm) was measured 150 s after the hydroxylamine 

addition during 5 min. The calculation of the rate of the PLK reaction was carried out as described 

[56].  

Our assay of PNPO was based on the enzymatic production of hydrogen peroxide, which 

may be detected in complex biological mixtures by Amplex UltraRed (Thermo Fisher Scientific, 

USA) [57]. The reaction was carried out at 25 ℃ in 0.2 ml of the reaction mixture comprising 50 

mM HEPES, pH 7.4; 50 mM KCl; 10 mM NaCl; 10 μM pyridoxine 5'-phosphate; 5 U/ml 

horseradish peroxidase; 10 μM Amplex UltraRed (diluted from 10 mM stock solution in DMSO). 

To measure the reaction blank, the reaction medium omitting pyridoxine 5’-phosphate was used. 

The reactions were started with 3-15 μl of the rat cerebral cortex homogenate. The fluorescence 

(ex560nm | em590nm) was measured during the 10 minutes of the reaction.  

The fluorescent assays of PLK and PNPO were done in black microplates using a 

CLARIOStar plate reader (BMG LABTECH, Germany). 

Statistical analysis and data presentation 

Data were analysed using the GraphPad Prism 7.0 software (GraphPad Software Inc., USA). 

Individual values of the parameters for each animal, their median, quartiles and values of the 

minimum and maximum are shown on the graphs. Statistical significance of differences between 

the two groups was assessed using the Mann-Whitney U-test. Statistical significance of differences 

upon comparison of more than two experimental groups was assessed using one-way or two-way 

analysis of variance (ANOVA) with Tukey's post hoc test. The values of p≤0.1 are shown in the 

graphs. The tables below the figures show the ANOVA results for the significance of factors and 

their interaction; significant (p≤0.05) values are in bold, trends (0.05<p≤0.1) are in bold italics. 

 

Supplementary Materials 

   

Supplementary Figure S1. Flowchart of physiological experiments in intact rats (A), rats receiving vitamins B1 

and B6 (B), rats receiving PTZ without the vitamins (C), rats receiving PTZ with the vitamins (D). The female 

and male rats received 100 mg/kg of each of thiamine and pyridoxal intraperitoneally 24 h before the first 

administration of PTZ. The same experimental design was employed in the study of the time dependence of the 

vitamins effects, which was done on the female rats, where the time of the first administration of the vitamins was 24, 

2 or 0.5 h before PTZ (D). PTZ was administered at a dose of 25 mg/kg, followed by estimation of the severity of a 

seizure during 15 minutes (Table 1). In case of a weak seizure (0-3 score points, Table 1), PTZ administration and 

seizure assessment were repeated up to three times. In total, the PTZ dose didn’t exceed 75 mg/kg. After 45 minutes 

of the seizure observation, vitamins B1 and B6 (100 mg/kg each) were injected once again. After 24 hours, the 

physiological parameters were assessed using an "open field", the ECG was recorded, and the rats were decapitated. 

The cerebral cortex was quickly removed and frozen in liquid nitrogen (60-90 sec after decapitation). In the control 

groups the injections of vitamins and/or PTZ were substituted by injections of equivalent volumes of physiological 

solution (0.9% NaCl). 
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PLK – pyridoxal kinase 

PNPO – pyridoxal 5′-phosphate oxidase;  

GS – glutamine synthetase 

ME – malic enzyme 

GOT – glutamate-oxaloacetate transaminase 

GPT – glutamate-pyruvate transaminase 

GABA – gamma-aminobutyric acid 

 

References  

1. Barile, A.; Nogues, I.; di Salvo, M.L.; Bunik, V.; Contestabile, R.; Tramonti, A. Molecular 
characterization of pyridoxine 5'-phosphate oxidase and its pathogenic forms associated with 
neonatal epileptic encephalopathy. Scientific reports 2020, 10, 13621, doi:10.1038/s41598-020-
70598-7. 

2. di Salvo, M.L.; Mastrangelo, M.; Nogues, I.; Tolve, M.; Paiardini, A.; Carducci, C.; Mei, D.; 
Montomoli, M.; Tramonti, A.; Guerrini, R., et al. Pyridoxine-5'-phosphate oxidase (Pnpo) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2021                   doi:10.20944/preprints202105.0034.v1

https://doi.org/10.20944/preprints202105.0034.v1


 26 

deficiency: Clinical and biochemical alterations associated with the C.347g>A (P..Arg116gln) 
mutation. Molecular genetics and metabolism 2017, 122, 135-142, 
doi:10.1016/j.ymgme.2017.08.003. 

3. Plecko, B.; Zweier, M.; Begemann, A.; Mathis, D.; Schmitt, B.; Striano, P.; Baethmann, M.; Vari, 
M.S.; Beccaria, F.; Zara, F., et al. Confirmation of mutations inPROSCas a novel cause of vitamin 
B6-dependent epilepsy. Journal of Medical Genetics 2017, 54, 809-814, doi:10.1136/jmedgenet-
2017-104521. 

4. Bugiardini, E.; Pope, S.; Feichtinger, R.G.; Poole, O.V.; Pittman, A.M.; Woodward, C.E.; Heales, S.; 
Quinlivan, R.; Houlden, H.; Mayr, J.A., et al. Utility of Whole Blood Thiamine Pyrophosphate 
Evaluation in TPK1-Related Diseases. Journal of Clinical Medicine 2019, 8, 
doi:10.3390/jcm8070991. 

5. Tabarki, B. Thiamine Transporter Deficiency and Epilepsy. In Inherited Metabolic Epilepsies, 
2017; 10.1891/9780826168641.0024. 

6. Treiman, D.M. GABAergic Mechanisms in Epilepsy. Epilepsia 2001, 42, 8-12, doi:10.1046/j.1528-
1157.2001.042suppl.3008.x. 

7. Kim, A.Y.; Baik, E.J. Glutamate Dehydrogenase as a Neuroprotective Target Against 
Neurodegeneration. Neurochemical research 2018, 44, 147-153, doi:10.1007/s11064-018-2467-
1. 

8. Eid, T.; Tu, N.; Lee, T.-S.W.; Lai, J.C.K. Regulation of astrocyte glutamine synthetase in epilepsy. 
Neurochemistry international 2013, 63, 670-681, doi:10.1016/j.neuint.2013.06.008. 

9. Storici, P.; Capitani, G.; De Biase, D.; John, R.A.; Jansonius, J.N.; Schirmer, T. GABA-
aminotransferase, a target for antiepileptic drug therapy. In Biochemistry and Molecular Biology 
of Vitamin B6 and PQQ-dependent Proteins, 2000; 10.1007/978-3-0348-8397-9_52pp. 315-318. 

10. Petrov, S.A.; Donesko, E.V. [Effect of thiamine and its metabolites on aspartate and alanine 
aminotransferase activity in the body of white rats and in donor blood]. Fiziologicheskii zhurnal 
1989, 35, 94-96. 

11. Mkrtchyan, G.; Aleshin, V.; Parkhomenko, Y.; Kaehne, T.; Di Salvo, M.L.; Parroni, A.; Contestabile, 
R.; Vovk, A.; Bettendorff, L.; Bunik, V. Molecular mechanisms of the non-coenzyme action of 
thiamin in brain: biochemical, structural and pathway analysis. Scientific reports 2015, 5, 12583, 
doi:10.1038/srep12583. 

12. Su, C.; Liang, X.-J.; Li, W.-J.; Wu, D.; Liu, M.; Cao, B.-Y.; Chen, J.-J.; Qin, M.; Meng, X.; Gong, C.-X. 
Clinical and Molecular Spectrum of Glutamate Dehydrogenase Gene Defects in 26 Chinese 
Congenital Hyperinsulinemia Patients. Journal of Diabetes Research 2018, 2018, 1-6, 
doi:10.1155/2018/2802540. 

13. Aleshin, V.A.; Mkrtchyan, G.V.; Bunik, V.I. Mechanisms of the non-coenzyme action of thiamin: 
protein targets and medical significance. Biochemistry. Biokhimiia 2019, 84, 
doi:10.1134/S0320972519080013. 

14. Chiang, E.-P.; Smith, D.E.; Selhub, J.; Dallal, G.; Wang, Y.-C.; Roubenoff, R. Inflammation causes 
tissue-specific depletion of vitamin B6. Arthritis Research & Therapy 2005, 7, 
doi:10.1186/ar1821. 

15. Botez, M.I.; Botez, T.; Ross-Chouinard, A.; Lalonde, R. Thiamine and folate treatment of chronic 
epileptic patients: a controlled study with the Wechsler IQ scale. Epilepsy research 1993, 16, 
157-163, doi:10.1016/0920-1211(93)90030-b. 

16. Vora, B.; Green, E.A.E.; Khuri, N.; Ballgren, F.; Sirota, M.; Giacomini, K.M. Drug–nutrient 
interactions: discovering prescription drug inhibitors of the thiamine transporter ThTR-2 
(SLC19A3). The American journal of clinical nutrition 2020, 111, 110-121, 
doi:10.1093/ajcn/nqz255. 

17. Scharfman, H.E.; MacLusky, N.J. Sex differences in the neurobiology of epilepsy: A preclinical 
perspective. Neurobiology of disease 2014, 72, 180-192, doi:10.1016/j.nbd.2014.07.004. 

18. Velisek, L.; Kubova, H.; Pohl, M.; Stankova, L.; Mareš, P.; Schickerova, R. Pentylenetetrazol-
induced seizures in rats: an ontogenetic study. Naunyn-Schmiedeberg's archives of 
pharmacology 1992, 346, 588-591, doi:10.1007/bf00169017. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2021                   doi:10.20944/preprints202105.0034.v1

https://doi.org/10.20944/preprints202105.0034.v1


 27 

19. Squires, R.F.; Saederup, E.; Crawley, J.N.; Skolnick, P.; Paul, S.M. Convulsant potencies of 
tetrazoles are highly correlated with actions on GABA/benzodiazepine/picrotoxin receptor 
complexes in brain. Life sciences 1984, 35, 1439-1444, doi:10.1016/0024-3205(84)90159-0. 

20. Gachon, F. The loss of circadian PAR bZip transcription factors results in epilepsy. Genes & 
Development 2004, 18, 1397-1412, doi:10.1101/gad.301404. 

21. Tsepkova, P.M.; Artiukhov, A.V.; Boyko, A.I.; Aleshin, V.A.; Mkrtchyan, G.V.; Zvyagintseva, M.A.; 
Ryabov, S.I.; Ksenofontov, A.L.; Baratova, L.A.; Graf, A.V., et al. Thiamine Induces Long-Term 
Changes in Amino Acid Profiles and Activities of 2-Oxoglutarate and 2-Oxoadipate 
Dehydrogenases in Rat Brain. Biochemistry. Biokhimiia 2017, 82, 723-736, 
doi:10.1134/S0006297917060098. 

22. Boyko, A.; Tsepkova, P.; Aleshin, V.; Artiukhov, A.; Mkrtchyan, G.; Ksenofontov, A.; Baratova, L.; 
Ryabov, S.; Graf, A.; Bunik, V. Severe Spinal Cord Injury in Rats Induces Chronic Changes in the 
Spinal Cord and Cerebral Cortex Metabolism, Adjusted by Thiamine That Improves Locomotor 
Performance. Frontiers in Molecular Neuroscience 2021, 14, doi:10.3389/fnmol.2021.620593. 

23. Graf, A.; Trofimova, L.; Ksenofontov, A.; Baratova, L.; Bunik, V. Hypoxic Adaptation of 
Mitochondrial Metabolism in Rat Cerebellum Decreases in Pregnancy. Cells 2020, 9, 
doi:10.3390/cells9010139. 

24. Aleshin, V.A.; Zhou, X.; Krishnan, S.; Karlsson, A.; Bunik, V.I. Interplay Between Thiamine and 
p53/p21 Axes Affects Antiproliferative Action of Cisplatin in Lung Adenocarcinoma Cells by 
Changing Metabolism of 2-Oxoglutarate/Glutamate. Frontiers in Genetics 2021, 12, 
doi:10.3389/fgene.2021.658446. 

25. Reddy, D.S.; Thompson, W.; Calderara, G. Molecular mechanisms of sex differences in epilepsy 
and seizure susceptibility in chemical, genetic and acquired epileptogenesis. Neuroscience 
letters 2021, 750, doi:10.1016/j.neulet.2021.135753. 

26. Sharma, S.; Prasad, A. Inborn Errors of Metabolism and Epilepsy: Current Understanding, 
Diagnosis, and Treatment Approaches. International journal of molecular sciences 2017, 18, 
doi:10.3390/ijms18071384. 

27. Badrinath, M.; John, S. Isoniazid Toxicity. In StatPearls, Treasure Island (FL), 2021. 
28. Marcé‐Grau, A.; Martí‐Sánchez, L.; Baide‐Mairena, H.; Ortigoza‐Escobar, J.D.; Pérez‐Dueñas, B. 

Genetic defects of thiamine transport and metabolism: a review of clinical phenotypes, genetics 
and functional studies. Journal of inherited metabolic disease 2019, 10.1002/jimd.12125, 
doi:10.1002/jimd.12125. 

29. Ghatge, M.S.; Di Salvo, M.L.; Contestabile, R.; Eseonu, D.N.; Karve, S.; Schirch, V.; Safo, M.K. 
Molecular Defects of Vitamin B6 Metabolism Associated with Neonatal Epileptic 
Encephalopathy. In Miscellanea on Encephalopathies - A Second Look, 2012; 10.5772/29149. 

30. Wilson, M.P.; Plecko, B.; Mills, P.B.; Clayton, P.T. Disorders affecting vitamin B6metabolism. 
Journal of inherited metabolic disease 2019, 10.1002/jimd.12060, doi:10.1002/jimd.12060. 

31. Dhir, S.; Tarasenko, M.; Napoli, E.; Giulivi, C. Neurological, Psychiatric, and Biochemical Aspects 
of Thiamine Deficiency in Children and Adults. Frontiers in Psychiatry 2019, 10, 
doi:10.3389/fpsyt.2019.00207. 

32. Mimouni-Bloch, A.; Goldberg-Stern, H.; Strausberg, R.; Brezner, A.; Heyman, E.; Inbar, D.; Kivity, 
S.; Zvulunov, A.; Sztarkier, I.; Fogelman, R., et al. Thiamine Deficiency in Infancy: Long-Term 
Follow-Up. Pediatric Neurology 2014, 51, 311-316, doi:10.1016/j.pediatrneurol.2014.05.010. 

33. Barile, A.; Tramonti, A.; di Salvo, M.L.; Nogués, I.; Nardella, C.; Malatesta, F.; Contestabile, R. 
Allosteric feedback inhibition of pyridoxine 5′-phosphate oxidase from Escherichia coli. Journal 
of Biological Chemistry 2019, 294, 15593-15603, doi:10.1074/jbc.RA119.009697. 

34. Racine, R.J. Modification of seizure activity by electrical stimulation: II. Motor seizure. 
Electroencephalography and Clinical Neurophysiology 1972, 32, 281-294, doi:10.1016/0013-
4694(72)90177-0. 

35. Mkrtchyan, G.V.; Ucal, M.; Mullebner, A.; Dumitrescu, S.; Kames, M.; Moldzio, R.; Molcanyi, M.; 
Schaefer, S.; Weidinger, A.; Schaefer, U., et al. Thiamine preserves mitochondrial function in a 
rat model of traumatic brain injury, preventing inactivation of the 2-oxoglutarate 
dehydrogenase complex. Biochimica et biophysica acta. Bioenergetics 2018, 1859, 925-931, 
doi:10.1016/j.bbabio.2018.05.005. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2021                   doi:10.20944/preprints202105.0034.v1

https://doi.org/10.20944/preprints202105.0034.v1


 28 

36. Mkrtchyan, G.; Graf, A.; Bettendorff, L.; Bunik, V. Cellular thiamine status is coupled to function 
of mitochondrial 2-oxoglutarate dehydrogenase. Neurochemistry international 2016, 101, 66-75, 
doi:10.1016/j.neuint.2016.10.009. 

37. Pipkin, J.D.; Stella, V.J. Thiamine whole blood and urinary pharmacokinetics in rats: urethan-
induced dose-dependent pharmacokinetics. Journal of pharmaceutical sciences 1982, 71, 169-
172, doi:10.1002/jps.2600710208. 

38. Spinneker, A.; Sola, R.; Lemmen, V.; Castillo, M.J.; Pietrzik, K.; Gonzalez-Gross, M. Vitamin B6 
status, deficiency and its consequences--an overview. Nutr Hosp 2007, 22, 7-24. 

39. Bettendorff, L.; Weekers, L.; Wins, P.; Schoffeniels, E. Injection of sulbutiamine induces an 
increase in thiamine triphosphate in rat tissues. Biochemical pharmacology 1990, 40, 2557-
2560, doi:10.1016/0006-2952(90)90099-7. 

40. Gangolf, M.; Czerniecki, J.; Radermecker, M.; Detry, O.; Nisolle, M.; Jouan, C.; Martin, D.; 
Chantraine, F.; Lakaye, B.; Wins, P., et al. Thiamine status in humans and content of 
phosphorylated thiamine derivatives in biopsies and cultured cells. PloS one 2010, 5, e13616, 
doi:10.1371/journal.pone.0013616. 

41. Hawk, P.B.; Oser, B.L.; Summerson, W.H. Practical physiological chemistry. By Philip B. Hawk, 
Bernard L. Oser, and William H. Summerson. The Blakiston Co., Inc. New York, 1954. 13th ed. xvi 
+ 1439 pp. Journal of the American Pharmaceutical Association (Scientific ed.) 1955, 44, 62-63, 
doi:10.1002/jps.3030440127. 

42. Galvin, R.; Brathen, G.; Ivashynka, A.; Hillbom, M.; Tanasescu, R.; Leone, M.A.; Efns. EFNS 
guidelines for diagnosis, therapy and prevention of Wernicke encephalopathy. European journal 
of neurology 2010, 17, 1408-1418, doi:10.1111/j.1468-1331.2010.03153.x. 

43. Vrolijk, M.F.; Hageman, G.J.; van de Koppel, S.; van Hunsel, F.; Bast, A. Inter-individual 
differences in pharmacokinetics of vitamin B6: A possible explanation of different sensitivity to 
its neuropathic effects. PharmaNutrition 2020, 12, doi:10.1016/j.phanu.2020.100188. 

44. Schaumburg, H.; Kaplan, J.; Windebank, A.; Vick, N.; Rasmus, S.; Pleasure, D.; Brown, M.J. 
Sensory Neuropathy from Pyridoxine Abuse. New England Journal of Medicine 1983, 309, 445-
448, doi:10.1056/nejm198308253090801. 

45. Gould, T.D.; Dao, D.T.; Kovacsics, C.E. The Open Field Test. In Mood and Anxiety Related 
Phenotypes in Mice, 2009; 10.1007/978-1-60761-303-9_1pp. 1-20. 

46. Ramos, A.; Mormède, P. Stress and emotionality: a multidimensional and genetic approach. 
Neuroscience & Biobehavioral Reviews 1997, 22, 33-57, doi:10.1016/s0149-7634(97)00001-8. 

47. Estanislau, C.; Veloso, A.W.N.; Filgueiras, G.B.; Maio, T.P.; Dal-Cól, M.L.C.; Cunha, D.C.; Klein, R.; 
Carmona, L.F.; Fernández-Teruel, A. Rat self-grooming and its relationships with anxiety, 
dearousal and perseveration: Evidence for a self-grooming trait. Physiology & Behavior 2019, 
209, doi:10.1016/j.physbeh.2019.112585. 

48. Sestakova, N.; Puzserova, A.; Kluknavsky, M.; Bernatova, I. Determination of motor activity and 
anxiety-related behaviour in rodents: methodological aspects and role of nitric oxide. 
Interdisciplinary Toxicology 2013, 6, 126-135, doi:10.2478/intox-2013-0020. 

49. Díaz-Morán, S.; Estanislau, C.; Cañete, T.; Blázquez, G.; Ráez, A.; Tobeña, A.; Fernández-Teruel, 
A. Relationships of open-field behaviour with anxiety in the elevated zero-maze test: Focus on 
freezing and grooming. World Journal of Neuroscience 2014, 04, 1-11, 
doi:10.4236/wjns.2014.41001. 

50. Baevsky, R.М.; Chernikova, A.G. Heart rate variability analysis: physiological foundations and 
main methods. Cardiometry 2017, 10.12710/cardiometry.2017.10.6676, 66-76, 
doi:10.12710/cardiometry.2017.10.6676. 

51. Graf, A.; Trofimova, L.; Loshinskaja, A.; Mkrtchyan, G.; Strokina, A.; Lovat, M.; Tylicky, A.; 
Strumilo, S.; Bettendorff, L.; Bunik, V.I. Up-regulation of 2-oxoglutarate dehydrogenase as a 
stress response. The international journal of biochemistry & cell biology 2013, 45, 175-189, 
doi:10.1016/j.biocel.2012.07.002. 

52. Aleshin, V.A.; Mkrtchyan, G.V.; Kaehne, T.; Graf, A.V.; Maslova, M.V.; Bunik, V.I. Diurnal 
regulation of the function of the rat brain glutamate dehydrogenase by acetylation and its 
dependence on thiamine administration. Journal of neurochemistry 2020, 153, 80-102, 
doi:10.1111/jnc.14951. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2021                   doi:10.20944/preprints202105.0034.v1

https://doi.org/10.20944/preprints202105.0034.v1


 29 

53. Trofimova, L.; Ksenofontov, A.; Mkrtchyan, G.; Graf, A.; Baratova, L.; Bunik, V. Quantification of 
Rat Brain Amino Acids: Analysis of the Data Consistency. Current Analytical Chemistry 2016, 12, 
349-356, doi:10.2174/1573411011666151006220356. 

54. Schwab, M.A.; Kolker, S.; van den Heuvel, L.P.; Sauer, S.; Wolf, N.I.; Rating, D.; Hoffmann, G.F.; 
Smeitink, J.A.; Okun, J.G. Optimized spectrophotometric assay for the completely activated 
pyruvate dehydrogenase complex in fibroblasts. Clinical chemistry 2005, 51, 151-160, 
doi:10.1373/clinchem.2004.033852. 

55. Reitman, S.; Frankel, S. A Colorimetric Method for the Determination of Serum Glutamic 
Oxalacetic and Glutamic Pyruvic Transaminases. American Journal of Clinical Pathology 1957, 28, 
56-63, doi:10.1093/ajcp/28.1.56. 

56. Sussmane, S.; Koontz, J. A Fluorometric Assay for Pyridoxal Kinase Applicable to Crude Cell 
Extracts. Analytical biochemistry 1995, 225, 109-112, doi:10.1006/abio.1995.1115. 

57. Krumschnabel, G.; Fontana-Ayoub, M.; Sumbalova, Z.; Heidler, J.; Gauper, K.; Fasching, M.; 
Gnaiger, E. Simultaneous High-Resolution Measurement of Mitochondrial Respiration and 
Hydrogen Peroxide Production. In Mitochondrial Medicine, 2015; 10.1007/978-1-4939-2257-
4_22pp. 245-261. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2021                   doi:10.20944/preprints202105.0034.v1

https://doi.org/10.20944/preprints202105.0034.v1

